(CE) equipped with chemiluminescence (CL) detection has attracted a great deal of attention as a high-performance separation and detection system. [1] [2] [3] [4] We also analyzed many types of sample, including metal ions, metal compounds, amino acids, peptides, proteins, nucleic acids, saccharides, phenolic compounds, fluorescence compounds, and liposomes, using these systems. [5] [6] [7] We have determined the significant features of CE with CL detection systems through our previous research. 8,9 Naturally, while absorption and fluorescence detection in CE are carried out in an on-capillary manner, CL detection is brought about by endcapillary (postcolumn) detection. That is, CE with CL detection possesses a very interesting and useful "micro-environment area" for reaction/detection at the tip of the capillary outlet. Trace amounts of sample and reagents are delivered quantitatively and mixed reproducibly at the tip of the capillary outlet (micro-environment area), leading to useful and unique CL responses with high sensitivity.
Capillary electrophoresis
(CE) equipped with chemiluminescence (CL) detection has attracted a great deal of attention as a high-performance separation and detection system. [1] [2] [3] [4] We also analyzed many types of sample, including metal ions, metal compounds, amino acids, peptides, proteins, nucleic acids, saccharides, phenolic compounds, fluorescence compounds, and liposomes, using these systems. [5] [6] [7] We have determined the significant features of CE with CL detection systems through our previous research. 8, 9 Naturally, while absorption and fluorescence detection in CE are carried out in an on-capillary manner, CL detection is brought about by endcapillary (postcolumn) detection. That is, CE with CL detection possesses a very interesting and useful "micro-environment area" for reaction/detection at the tip of the capillary outlet. Trace amounts of sample and reagents are delivered quantitatively and mixed reproducibly at the tip of the capillary outlet (micro-environment area), leading to useful and unique CL responses with high sensitivity.
Saccharides are among the most important biological molecules in the living body. The compositional formulas of saccharides are simple, as they consist mainly of carbon, hydrogen, and oxygen. However, their molecular structures are very complicated. This complexity in the molecular structure is produced through the various directions of hydroxyl groups in the molecule. There have been many investigations of methodologies to derive information regarding the molecular structures of saccharides, i.e., molecular recognition of saccharides. 10, 11 Boronic acids form cyclic esters with saccharides, particularly with those comprising cis-diol groups. [12] [13] [14] The interaction between boronic acids and saccharides has been used for molecular recognition of saccharides. To derive information regarding the interaction between boronic acids and saccharides, conventional procedures for molecular recognition require specific chemical reactions, such as polymerization and derivatization.
In our previous study, 15 we found that the enhancing effect of p-iodophenylboronic acid on luminol-hydrogen peroxidehorseradish peroxidase CL reaction decreased in the presence of saccharide, and we proposed a system to take advantage of the micro-environment area of the CE-CL detection system for molecular recognition of saccharides. The decrease in CL could provide direct information regarding the interaction between piodophenylboronic acids and saccharides without requiring any specific procedures. The method for molecular recognition of saccharides has the following beneficial features in comparison with conventional methods, 16, 17 including CD spectra, extraction, and π-A isotherm studies: 1) high sensitivity (a trace amount of a sample specimen is used), 2) rapid analysis, 3) ease of operation, and 4) inexpensive reagents and apparatus.
In the present study, to extend our knowledge regarding the molecular recognition of saccharides using the CE with CL detection system, we examined the enhancing effects of various phenylboronic acid compounds in the present system. Furthermore, we estimated the apparent stability constants between the diol groups of saccharides and the boronic acid moieties of the enhancers, p-iodophenylboronic acid and 4-biphenylboronic acid. In our previous study, we proposed molecular recognition of mono-and disaccharides making use of the interaction between their diol groups and p-iodophenylboronic acid in capillary electrophoresis with a chemiluminescence detection system. Here, to extend our knowledge of molecular recognition, we first examined the enhancing effects of four phenylboronic acid compounds other than p-iodophenylboronic acid i.e., 4-biphenylboronic acid, 4-octyloxyphenylboronic acid, 3-octyloxyphenylboronic acid, and 4-dodecyloxyphenylboronic acid, for luminol-hydrogen peroxidehorseradish peroxidase reaction in the capillary electrophoresis-chemiluminescence detection system. Only 4-biphenylboronic acid showed an enhancing effect similar to that of p-iodophenylboronic acid; the effect was determined over the range of 0.5 -10 μM in this system. Second, we estimated the apparent stability constants between the diol groups of saccharides (1-methyl-D-glucoside, D-saccharose, and D-fructose) and the boronic acid moieties of the two enhancers, p-iodophenylboronic acid and 4-biphenylboronic acid. The apparent binding constants obtained here provided insight to confirm the principle of molecular recognition for the saccharides examined here.
Experimental
Reagents Luminol and hydrogen peroxide solution (30 wt%) were purchased from Nacalai Tesque (Kyoto, Japan). D-Glucose, 1-methyl-D-glucoside, D-fructose, D-maltose, D-saccharose, and horseradish peroxidase (HRP) were purchased from Sigma Co. (Tokyo, Japan). p-Iodophenylboronic acid was purchased from Wako Pure Chemical Industries, Ltd. (Tokyo, Japan). 4-Biphenylboronic acid, 4-octyloxyphenylboronic acid, 3-octyloxyphenylboronic acid, and 4-dodecyloxyphenylboronic acid were synthesized in our laboratory and were confirmed by NMR and elemental analyses.
Apparatus and analytical procedures
A flow-type CL detection cell similar to that reported previously 18 was used for the present study. The flow-type cell was made using a three-way joint and Teflon tube (500 μm i.d.). A fused silica capillary tube (50 μm i.d., 50 cm in length) and a platinum wire (500 μm i.d.) as a grounding electrode were inserted into the three-way joint.
Running buffer (10 mM phosphate buffer; pH 8.5) containing 0.86 μM HRP and 3 μM luminol was filtrated and degassed prior to use. The capillary tube was filled with the buffer in advance. The samples, phenylboronic acid compounds, were introduced directly into the capillary tube at the positive electrode side for 10 s from a height of 20 cm by siphoning. A high voltage of 12 kV was applied to the electrodes using a DC power supply. A reagent solution of 10 mM phosphate buffer (pH 8.5) containing 400 mM H2O2 was fed at a rate of 1.5 μL min -1 by a pump (MF-9090; Bioanalytical Systems, Inc.), and mixed with the eluate at the tip of the capillary tube to produce CL. The resulting CL was detected with a photomultiplier tube, measured using a CL detector (Model EN-21; Kimoto), and treated with an integrator.
Results and Discussion

Analysis of phenylboronic acid compounds
The effects of enhancers, such as phenolic compounds and phenylboronic acid compounds, are well known in luminol-hydrogen peroxide-HRP CL. [19] [20] [21] In our previous paper, we examined the enhancing effects of phenolic compounds and phenylboronic acid compounds, such as p-iodophenol, pbromophenol, p-chlorophenol, p-iodophenylboronic acid, and pbromophenylboronic acid, on the CL reaction in the CE-CL detection system. Here, we synthesized four phenylboronic acid compounds i.e., 4-biphenylboronic acid, 4-octyloxyphenylboronic acid, 3-octyloxyphenylboronic acid, and 4-dodecyloxyphenylboronic acid, and examined their enhancing effects together with p-iodophenol and p-iodophenylboronic acid. The relative CL intensities are summarized in Table 1 . p-Iodophenylboronic and 4-biphenylboronic acid showed enhancer effects for the luminol reaction. However, their CL intensities were smaller (about 25%) than that of p-iodophenol. Other phenylboronic acid compounds showed no enhancer effect under the present analytical conditions. The two enhancers, p-iodophenylboronic and 4-biphenylboronic acid, were detected at about 9 min and determined over the range of 0.5 -10 μM, with good reproducibility (relative standard deviations were < 5% for both enhancers). They were recommended for the molecular recognition methodology taking advantage of the interaction between the diol groups and the boronic acid moieties as well as the CL reaction.
Effects of various saccharides on the electropherograms of p-iodophenylboronic and 4-biphenylboronic acid
We examined the migration times and the CL intensities of the two samples, enhancers (p-iodophenylboronic and 4-biphenylboronic acid), with the addition of saccharides (Dglucose, 1-methyl-D-glucoside, D-fructose, D-maltose, and Dsaccharose) to the running buffer. There were few changes in the migration times of both enhancers for these saccharides. However, in contrast, the CL intensities clearly decreased for both enhancers. The data obtained here are summarized in Table 2 . The orders of CL intensities were the same for both enhancers: 1-methyl-D-glucoside > D-saccharose > D-maltose > D-glucose > D-fructose. However, p-iodophenylboronic acid showed a larger CL decrease for each saccharide than 4-biphenylboronic acid.
Molecular recognition of saccharides
Phenylboronic acid forms a five-membered ring with a cis-1,2-diol group. In addition, it can form a six-membered ring with a trans-CH(OH)-CH(CH2OH)-diol group although its stability is inferior to that of the five-membered ring. 12, 17 In the present study, the saccharides that included a diol group (especially those with a cis-diol group) showed greater decreases in CL intensity, as shown in 
-CH(OH)-CH(CH2OH)-
diol group, and D-fructose has two cis-diol groups. That is, molecular recognition of the saccharide was carried out using piodophenylboronic acid or 4-biphenylboronic acid in the CE with CL detection system without requiring any specific procedures, such as derivatization or polymerization.
The mechanisms of the enhancing effects of phenolic compounds and phenylboronic acid compounds on the luminol CL reaction have not been clarified. However, in the case of piodophenol, the phenoxy radical is thought to play an important role in the enhancing effect. 22, 23 The decrease in the enhancing effect of p-iodophenylboronic acid or 4-biphenylboronic acid in the presence of saccharides was attributed to the interaction between the diol group of the saccharide and the boronic acid moiety of the enhancer. The interaction eliminated the possibility of generating such radicals.
Apparent stability constants between the diol groups of saccharides and the boronic acid moieties of the enhancers
Tentatively, we examined the apparent stability constants between the diol groups of saccharides and the boronic acid moieties of the enhancers, p-iodophenylboronic acid and 4-biphenylboronic acid. We used 1-methyl-D-glucoside, Dsaccharose, and D-fructose to examine the stability constants. They have only one kind of diol group, i.e., cis-diol group or trans-diol group. As shown in Fig. 1 , phenylboronic acid compounds, p-iodophenylboronic and 4-biphenylboronic acid, interact with hydroxide ions to give the phenylboronic acid anion compounds. The anions react with the diol groups to give the anion-diol complexes.
Their stability constants are represented by Ka and K′, respectively. In addition, the stability constants between phenylboronic acid compounds and the anion-diol complexes are represented with K. These stability constants are expressed with the equations in the figure.
The Ka values of p-iodophenylboronic and 4-biphenylboronic acid were reported to be 5.0 × 10 -9 and 2.5 × 10 -9 , respectively, in the database of SciFinder Scholar TM 2006. K values can be estimated using the data of the relative CL intensities (Table 2) and the calibration curve of the enhancers, p-iodophenylboronic acid and 4-biphenylboronic acid, as well as the initial concentrations of saccharides and enhancers, as shown in the captions of Table 2 . We assumed that an enhancer bound to a diol group has no enhancing effect on the luminol CL reaction.
The K′ values could be calculated from the values of Ka and K. The K and K′ values for the diol groups of these saccharides are summarized in Table 3 . Obviously, the stability constants of cis-diol groups were larger than those of trans-diol groups by about one order of magnitude. In addition, the stability constants (K values) of p-iodophenylboronic acid were larger than those of 4-biphenylboronic acid. The apparent stability constants obtained here confirmed the principle of molecular recognition for the saccharides examined in this study.
We are now drastically redeveloping CE-CL detection systems for injecting a mixture as a real sample into the capillary; in that case, p-iodophenylboronic acid as an enhancer must be added in a running buffer. Each component in the mixture would be separated in CE and detected as a negative peak on the electropherogram with information of molecular recognition. It is preferable to report the experimental results that would be obtained for a real sample in such a way as to infer a next stage subject in the future. 
